Aims: To test the hypotheses that performance on a clock-drawing task (CDT) diminishes over time and that poor performance is associated with development of dementia and reduced survival. Methods: Participants in the population-based Leisure World Cohort Study were asked to complete a CDT in follow-up questionnaires mailed in 1992 and 1998. Dementia status was determined using in-person evaluations, follow-up questionnaires, hospital data, and death certificates. Results: Of the 4,842 cohort members (mean age 80 years) who completed the CDT in 1992, 1,521 also completed it in 1998. Although performance in the CDT diminished over time in only a proportion of the cohort, the mean total score and the percentage of subjects with correctly drawn clocks decreased with each successive 5-year age group (p = 0.0001) and over time. Mean scores were lower in non-demented subjects later identified as demented compared with those who remained free of dementia. A low CDT score in 1992 was associated with a 28% increased risk of dementia and 13% reduced survival. Conclusion: A CDT may help predict cognitive decline and future disability in the elderly. Identification of high-risk individuals using a CDT may lead to earlier diagnosis and treatment and improved patient management. This is an Open Access article licensed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs 3.0 License (www.karger.com/OA-license), applicable to the online version of the article only. Distribution for non-commercial purposes only.
Introduction
Although cognitive function tends to decline with advancing age, the variability ranges from successful aging to dementia. The age-specific prevalence of dementia almost doubles every 5 years, from approximately 1.5% in persons aged 60-69 years to 40% in nonagenarians [1, 2] . Mild cognitive impairment (MCI; measurable cognitive deficits including deficits in memory, attention, language, visuospatial skill, perceptual speed, or executive functioning, but no dementia) is twice as prevalent as dementia and is associated with an increased risk of dementia [3, 4] .
Historically, clock-drawing tasks (CDTs) have been used clinically to assess the mental status of neurological and psychiatric patients [5] . Recently, CDTs have been suggested as measures to discriminate between patients with dementia and related disorders and normal subjects [5] [6] [7] as well as to assess cognitive function within the normal range [5, 8] . A few studies have shown that the clock-drawing ability of both demented patients [9, 10] and healthy elderly [11, 12] deteriorates over time.
Few studies of normal elderly participants have looked at CDTs in large or populationbased samples and even fewer have assessed CDTs in the same individuals at different times. Therefore, we analyzed CDTs completed in 2 postal surveys in a large, longitudinal, population-based study of a California retirement community of older men and women.
Methods
The Leisure World Cohort Study was established in the early 1980s when 13,798 residents of a retirement community (Leisure World Laguna Hills, Calif., USA) completed a postal health survey [13] . The population and the cohort are mostly Caucasian, well-educated, upper-middle class, and elderly; two thirds are women. The initial health survey asked for demographic information, brief medical history, medication use, and lifestyle habits, including cigarette smoking, exercise, and alcohol consumption. The Institutional Review Board of the Keck School of Medicine of the University of Southern California approved this project.
Cohort members were followed by periodic resurveys (1983, 1985, 1992, and 1998 ), review of local hospital discharge data, and determination of vital status by search of death indexes and ascertainment of death certificates. In 1992, each living cohort member was mailed a follow-up questionnaire. Non-respondents were mailed a second and third questionnaire, and, if a current telephone number was available, were called to encourage participation and/or to complete a telephone interview. In 1998, the cohort members still alive were mailed another follow-up questionnaire. Non-respondents were mailed a second and third questionnaire.
The two follow-up questionnaires (1992 and 1998) included a CDT. A pre-drawn circle with a diameter of 8.3 cm was provided with the following instructions: 'In the circle below, draw in the numbers as on a clock face.' Following a procedure adapted from Freedman et al. [5] and previously reported by us [14, 15] , clocks were scored on 7 items: numbers 1-12 present without adding extra numbers or omitting numbers, sequencing of numbers, position of numbers, orientation of numbers to the circle, consistency of Arabic/Roman number representation, tilt of numbers, and superfluous marks [for details on scoring, see ref . 14 ] . The total clock score is the number of correct items. Clock scoring was done by L.J.C. who was blinded to all other data variables. 2 tests were used for comparison of categorical variables and analysis of variance tests for testing differences in means of continuous variables. For multiple comparison of means, Tukey's method for testing pair-wise differences was employed. Relative risks of all-cause mortality and of dementia associated with the CDT were estimated using Cox proportional hazard regression analysis with age at study entry being the age when the 1992 CDT was completed and the event of interest being age at death or dementia. Dementia cases were identified using in-person evaluations which were part of a dementia study [2] , hospital records, death certificates, and/or follow-up questionnaires with the date of diagnosis being the date at which dementia was first mentioned.
Results
Of the 8,403 cohort members who were sent the 1992 survey, 6,174 returned it, 184 were too ill to participate, 388 died within the year without completing the form, 523 refused, and 1,134 did not respond (1,115 known to be alive). Of the 6,174 completed follow-up questionnaires, 4,842 had clocks drawn ( fig. 1 ). Although 9 proxy-completed surveys had a CDT completed by the subject, clocks were not available for the remaining 728 proxy-completed surveys, for the 193 telephone-completed surveys, and for 411 self-completed surveys.
Of the 5,042 cohort members who were sent the 1998 survey, 1,963 returned it, 436 died within the year without completing the form, and 2,643 did not respond (2,560 known to be alive). (Numbers have been updated since our previous report [15] was published.) Of the 1,963 completed surveys, 1,734 were completed by the subjects, including 1,619 with a CDT; 10 of the 229 proxy-completed surveys indicated that subjects had completed the CDT themselves ( fig. 1 ). For these 1,629 completed clocks, a completed clock on the 1992 survey was available for 1,521 subjects. Only 108 subjects (7%) had no previous CDT: 58 completed the 1992 survey but had no CDT, 6 completed a telephone survey, 12 had a proxy respondent, and 32 did not return the 1992 survey.
Those who completed neither the 1992 nor 1998 CDT were more likely to be older and to have reported on the baseline survey to have chronic disease (high blood pressure, angina, heart attack, heart disease, stroke, diabetes, fracture, cataract surgery, and glaucoma), take medication (high blood pressure medication, digitalis, or non-prescription aspirin-containing medication), and exercise less. Table 1 compares the mean CDT scores in 1992 among the 1998 survey response groups. The mean scores differed significantly among the response groups (p ! 0.0001) even after adjustment for age and sex. Those who completed both CDTs had the highest mean CDT score in 1992 (6.30 8 0.79), which differed significantly from that of all other groups except those with no current address.
Age, but not sex, had a highly significant effect on CDT scores. Table 2 presents the mean CDT scores in 1992 and 1998, and changes in CDT scores by age group. (Only 2 of the 1,521 subjects who completed both CDTs were identified as demented in 1992.) In both surveys, the mean total scores and the percentage of subjects with correctly drawn clocks decreased with each successive 5-year age group (p = 0.0001). Pair-wise comparisons between age groups revealed that CDT scores of 6 90-year-old subjects declined significantly more than those of subjects aged 80-84 years.
Most participants completed the CDT with little or no error on both surveys. About 90% or more of the subjects produced clocks that were correct in at least 6 of 7 components in both surveys. They placed the numbers 1-12 on their clocks without omissions or additions, had the correct sequencing of numbers, oriented the numbers correctly to the circle (including placing the numbers inside the circle and at a consistent distance from it), used only Arabic or only Roman numerals, had minimal tilt to the numbers, and had no superfluous marks. The most frequent error, made by 1 40% of subjects on each survey, was in positioning the clock numbers. Although a few subjects who had an incorrectly drawn clock in 1992 had a correctly drawn one in 1998 ( ! 3% of subjects for all components except position of numbers), more subjects with a correctly drawn clock in 1992 made errors in 1998 (4-7% of subjects for numbers 1-12, sequence of numbers, and orientation of numbers to the circle).
The 4,828 non-demented subjects who completed the CDT in 1992 were further classified according to their later dementia status. Of the 907 subjects classified as demented, 409 were determined to be demented by clinical evaluation, 31 were identified from hospital records, 435 from death certificates, and 32 from reports by relatives. Of the 1,519 subjects with a second CDT, 22 were newly identified as demented at the time of the second CDT, and an additional 239 subjects were identified as being demented later (1-12 years after the 1998 CDT, median = 8 years). No dementia was found in the remaining 1,258 subjects. The mean 1992 CDT score of those who became demented by 1998 (6.09 8 0.92) was lower, but not significantly, compared with those who became demented later (6.26 8 0.74, p ! 0.7) or remained non-demented (6.31 8 0.80, p ! 0.4). The 1998 mean CDT score in the 22 subjects with dementia had declined by 0.73 points (p = 0.02), while the decline in both subjects who became demented later and subjects who remained non-demented was small ( table 3 ) .
The age-adjusted risks of both dementia and death increased with decreasing CDT score among the 4,828 subjects who were not demented in 1992 ( table 4 ) . Subjects who scored ^ 5 in 1992 had a 28% increased risk of dementia and a 13% increased risk of death compared with subjects with a perfectly drawn clock. These risks were unchanged when adjusted to other potential risk factors related to mortality in this cohort (smoking, alcohol consumption, activity level, body mass index, and 7 individual histories of high blood pressure, angina, heart attack, stroke, diabetes, rheumatoid arthritis, and cancer). p < 0.001 for difference in 1998 CDT score between the 'dementia in 1998' and both 'dementia later' and 'no dementia known' groups. p < 0.03 for difference in change in CDT score between the 'dementia in 1998' and both 'dementia later' and 'no dementia known' groups. p < 0.02 for change in CDT score different from 0 (no change) in the 'dementia in 1998' group.
Discussion
Accurate clock drawing involves a diverse range of higher-level cognitive abilities [ 5 , reviewed in ref. 6 and 16 ] . It requires long-term and working memory, visuospatial abilities, motor execution, language comprehension, numerical knowledge, attention, abstract thinking, and executive functions. The drawer must possess language skills to comprehend the instructions, have a representation of the visuospatial features of a clock, be able to retrieve this information from memory, and have visual perception to maintain the correct spatial layout of the clock. The wide range of cognitive functions and especially the executive control measures tapped by a CDT may make it more sensitive to cognitive impairment than traditional screening measures in the well elderly [17] .
Our study showed that although most elderly adults can complete a CDT with little or no error, the proportion of subjects with errors increased over time, and those who later were identified as demented had lower CDT scores than those who remained non-demented. Similarly, in a study of 427 Italian men (mean age 78 years, range 72-90 years) followed for 4 years, a CDT identified older persons at a high risk of cognitive decline [8] . A rural Pennsylvanian community-based prospective study -Monongahela Valley Independent Elders Survey (MoVIES Project) -examined 1,017 non-demented subjects (mean age 74 years) at baseline and 2 years later [11] . The mean CDT score declined only slightly, suggesting overall stability of performance over 2 years; however, standard deviations were large, implying considerable individual variation. Continued 10-year follow-up in this study allowed comparison of 68 individuals later identified as having clinical Alzheimer's disease (AD) with 483 non-demented controls on cognitive tests completed 2 years apart, and for cases 3.5 and 1.5 years before diagnosis [12] . Mean decline in the CDT was greater in cases than controls, but the difference was not statistically significant (p = 0.11). Also in the MoVIES study, a factor analysis of 425 10-year survivors identified constructional praxis (including the CDT) as impacting cognitive decline [18] . In another study of 59 subjects seen at an AD clinic but not meeting diagnostic criteria for dementia at their initial assessment, the 22 subjects diagnosed as demented on their second visit had lower CDT scores (primarily due to number substitutions) at baseline [19] . Likewise, at a memory clinic, 123 patients were grouped by eventual cognitive status: AD patients (n = 16), MCI patients progressing to dementia (mean duration 4.1 years; n = 22), MCI patients not progressing to dementia (n = 49), and normal subjects (n = 76) [20] . The mean CDT scores decreased with increasing cognitive problems. The AD group scored significantly worse than the other groups; the MCI progressors scored significantly worse than the normal group, but the MCI progressors and the MCI non-progressors did not differ. However, MCI progressors and MCI non-progressors differed in the drawing and placement of the hands. In another study of 25 healthy elderly adults living in a senior residence, the majority of poorly drawn clocks were produced by subjects with lower (although normal) scores on the Dementia Rating Scale [5] . Comparison of these adults with their community-dwelling counterparts found poorer positioning of numbers in the residential sample, suggesting poor clock drawing may be an early sign of cognitive decline. Although CDT scores decline with age and the CDT helps to discriminate between demented and non-demented subjects, the greatest usefulness of the CDT would be to identify subjects with MCI -the main target for early interventions to delay dementia. The suitability of the CDT for this remains unclear [21] . Although we did not focus on MCI, our results showing lower CDT scores in non-demented individuals who later became demented add some support to the notion that a CDT may help identify individuals at an increased risk of dementia.
We also observed that a worse CDT score was associated with an increased risk of allcause mortality. Inclusion of health indicators, such as history of chronic diseases, smoking, and alcohol intake, did not markedly change the observed relative risk. Cognitive impairment as measured by the CDT seemed to be an independent risk factor for mortality in this population. Three other studies have found this relationship with mortality [22] [23] [24] . Data from the MRC Trial of the Assessment and Management of Older People in the Community (aged 6 75 years) revealed a 75% increased risk of death among subjects with poor CDT scores [22] . Risk increased with decreasing scores among the 13,557 subjects followed for a median of 4.6 years. In 230 residents (aged 69-99 years) of a continuing-care retirement community in Pennsylvania, low scorers on a CDT had more than twice the risk of death during a 4-year follow-up compared with high scorers [23] . Five-year survival among 242 non-demented residents ( 1 70 years old) of another continuing-care retirement community was related significantly to performance on a CDT [24] ; low scores were associated with about 25% increased risk of death.
Poor performance on constructional tasks including CDTs has previously been found to be related to right temporoparietal changes on neuroimaging of AD patients [25] . Royall et al. [24] hypothesize that in normal aging, preclinical right-hemisphere AD pathology may be responsible for increased mortality from changes in cortical control of autonomic functions, which may, for example, increase arrhythmias and falls.
Several limitations of our study should be noted. A major limitation of our study is that we did not receive a CDT from the majority of the subjects sent the 1998 follow-up questionnaire. Non-respondents may have chosen not to complete the follow-up surveys due to the nature of the questions and/or their own general health. Selective attrition of the cognitively impaired is a recognized problem in epidemiologic studies [26] and militates against demonstrating associations with cognitive impairment. In a community-based cross-sectional study of cognitive function in the Netherlands, non-respondents were more likely to perform poorly in the cognitive test, especially if they were ! 75 years old [27] . In addition, as our tests were mailed to the patients and completed at home, we cannot be sure whether the tests were completed by the participants on their own as instructed or with guidance from someone else. However, clocks drawn at home correlate with clocks drawn in the presence of an examiner (r = 0.83) [Stanley Birge, pers. commun.]. Additionally, the proportion of demented individuals is likely an underestimation of the true prevalence, and we lacked clinical diagnoses of dementia based on standard criteria for many subjects. For these reasons, our interpretation of this cognitive assessment is preliminary and incomplete. Furthermore, our subjects are from a very select population -moderately affluent, highly educated, health conscious, and primarily Caucasian. Thus, the generalizability of our results is limited and may not apply to more ethnically diverse, lower-income and less well-educated populations.
Our CDT did not include asking the subjects to draw the hands of the clock at a specific time setting (such as 10 min past 11). Drawing the hands may provide additional information on cognition and is included in some scoring methods [see ref. 7 for a list of CDT scoring systems]. Tuokko et al. [28] observed that the omission of hands was more frequent in AD pa-tients than normal elderly subjects. Similarly, Esteban-Santillan et al. [29] found that the placement of hands on the clock provides very high positive and negative predictive values for early AD. Others, however, have found that hand placement correlates with other components of the CDT and does not add substantially to its discriminating power [9, 30, 31] .
The rapidly growing numbers and proportions of the very old, in whom the prevalence of cognitive impairment is highest, highlight the need for efficient and effective cognitive screening methods [32] . Clock drawing is an appealing measure of cognitive function because it is quick and easy to administer and score, is acceptable by subjects, does not require in-person assessment, has good inter-rater and test-retest reliability, correlates with more detailed and time-consuming cognitive screens, and is relatively free of influence by language, cultural, or ethnic factors [6] . The associations of low and declining CDT scores with the later development of dementia suggest that small changes in the CDT over time may be a sign of early cognitive change. Further investigation of patients with such changes may lead to an early diagnosis of MCI and consideration of therapy and future life-planning of impaired individuals.
